On geological timescales, oceanic [Mg 21 ] and [Ca 21 ] vary with changing rates of weathering, seafloor spreading and dolomite formation. Accurate reconstruction of the ratio between [Mg 21 ] and [Ca 21 ] in seawater (Mg/Ca sw ), may potentially be reconstructed using foraminiferal Mg/Ca ratios. Since both temperature and seawater Mg/Ca impact foraminiferal Mg/Ca, successful reconstruction of Mg/Ca sw requires quantification of both these parameters independently on foraminiferal Mg/Ca, as well as their combined effect on Mg-incorporation.
Introduction
Foraminiferal calcite element concentrations are popular tools to reconstruct past seawater conditions and thereby serve as the basis of many paleoclimate reconstructions. Incorporation of magnesium (Mg) into the tests (i.e., shells) of planktonic (Anand et al., 2003; N€ urnberg et al., 1996) and benthic (e.g., Billups and Schrag, 2002; Elderfield et al., 2006; Lear et al., 2000; Martin et al., 2002) foraminifera is a function of ambient temperature and can hence be used in fossil specimens to derive past sea surface (e.g., Hastings et al., 1998) and bottom water (e.g., Lear et al., 2000) temperatures. Salinity and carbonate ion concentration additionally impact benthic and planktonic foraminiferal Mg/Ca (Dueñas-Boh orquez, da Rocha, et al., 2011; Dueñas-Boh orquez et al., 2009; Hertzberg and Schmidt, 2013; H€ onisch et al., 2013; N€ urnberg et al., 1996; Rosenthal et al., 1997; Yu & Elderfield, 2008) , but in many environmental settings, these influences are relatively small or can be accounted for using other proxies, e.g., B/Ca for saturation state (Yu & Elderfield, 2007) and Na/Ca for salinity (Allen et al., 2016; Wit et al., 2013) .
The ratio of [Mg 21 ] over [Ca 21 ] in seawater (seawater Mg/Ca or Mg/Ca sw ) has a significant effect on benthic foraminiferal Mg/Ca (Mewes et al., 2014; Segev & Erez, 2006) and thus needs to be corrected for when reconstructing seawater temperature from periods with a different Mg/Ca sw than that of today (Billups & Schrag, 2002) . Due to changes in the balance between rates of weathering, seafloor spreading and dolomite formation, Mg/Ca sw changes over geological timescales (Berner, 2004; Farka s et al., 2007; Gothmann et al., 2015; Hardie, 1996; Holland & Zimmermann, 2000; Steuber & Veizer, 2002) . Due to the relatively long residence times of Ca 21 and Mg 21 ($1 and $13 Ma, respectively; Broecker et al., 1982) , changes in this ratio are notable over timescales >1 Ma. For example, Mg/Ca sw during the early Cretaceous was close to 1 (Farka s et al., 2007; Hardie, 1996) and application of uncorrected Mg/Ca-T calibrations would thus greatly underestimate seawater temperatures at that time (e.g., Billups & Schrag, 2002; Evans & M€ uller, 2012; Hasiuk & Lohmann, 2010) .
When applying Mg/Ca as a temperature proxy to foraminifera older than $1 Ma, a correction factor based on reconstructed Mg/Ca sw is often applied (e.g., Evans et al., 2015; Lear et al., 2000; Tripati et al., 2005) . This approach assumes that the sensitivity of the relation between foraminiferal Mg/Ca and seawater temperature is independent of seawater Mg/Ca, and thus remains constant. Although several studies have quantified the sensitivity of foraminiferal Mg/Ca as a function of both temperature (Lea et al., 1999; N€ urnberg et al., 1996; Toyofuku et al., 2000) and Mg/Ca sw (Raitzsch et al., 2010; Segev & Erez, 2006) , the synergistic effects of those parameters remains to be investigated in benthic foraminifera. As for foraminiferal Mg/Ca, the isolated impact of both seawater Mg/Ca and temperature on incorporation of other elements (e.g., Na and Sr) have been identified (Dissard et al., 2010; Dueñas-Boh orquez, da Rocha, et al., 2011; Raitzsch et al., 2010; Russell et al., 2004) , their combined effects have not been quantified.
Here we present results from a culturing study using two benthic species with contrasting calcification mechanism: the hyaline (i.e., perforate) Elphidium crispum, precipitating calcite with a low Mg content ($5 mmol/mol; Allison et al., 2010 Allison et al., , 2011 and the porcelaneous (i.e., miliolid) Quinqueloculina sp. (Mg/Ca 5 $140 mmol/mol; Toyofuku et al., 2000) . In planktonic and some benthic low-Mg species, Mg incorporation increases exponentially with temperature (e.g., N€ urnberg, 2015; N€ urnberg et al., 1996) , whereas it increases linearly with temperature in porcelaneous foraminifera (Toyofuku et al., 2000; Wit et al., 2012) . The difference in absolute Mg content between members of these two groups is a consequence of the different biomineralization strategies between hyaline and porcelaneous foraminifera (Bentov & Erez, 2006; Debenay et al., 1998; Erez, 2003; De Nooijer et al., 2009 , De Nooijer, Spero, et al., 2014 . In our culturing experiment, seawater temperature and Mg/Ca sw were varied independently to quantify the effect of these two parameters combined as well as decoupled. Newly formed calcite was also analyzed for Na/Ca and Sr/Ca to quantify the impact of both temperature and Mg/Ca sw on incorporation of these elements.
Methods

Culture Set-Up and Media Preparation
Culturing experiments were conducted at the Japan Agency for Marine-Earth Sciences and Technology (JAMSTEC), Japan. Different species of shallow benthic foraminifera were collected from Morito-kaigan rocky shore (35.2660 0 N, 139.5708 0 E), Hayama, Miura peninsula, Kanagawa, Japan in October 2012. Upon return in the laboratory, specimens of Elphidium crispum and Quinqueloculina sp. were isolated from sieved sediment (>125 mm). To monitor chamber addition, single specimens were photographed at 50x magnification using a Zeiss Stemi 2000-C microscope with an Axiocam ERc 5s camera (Zeiss, Germany). After photographing, 10 single specimens per condition were placed in 20 ml vials with screw caps to avoid evaporation and minimize changes in salinity and carbonate chemistry. Vials were filled with either one of three different media (Table 1) and placed for 100 days in incubators at four different temperatures (10, 17, 22 and 278C, measured hourly with a maximum SD of 0.38C). This resulted in specimens cultured at twelve different conditions. Media were replaced every two weeks, after which the foraminifera were fed with the green algae Chlorella, cultured in natural seawater (NSW). To avoid contamination of seawater with NSW Mg/Ca ratio ($5.2 mol/mol) when adding the algae cells to the culture vials, the Chlorella cells were centrifuged for 5 minutes at 3000 rpm and dissolved in the three culture media (Table 1) at 178C. The incubated foraminifera were subjected to a 12h:12h day-night cycle with an average photon flux of 15 mmol/m 2 /s. At four moments, evenly spaced during the experimental period, samples were collected from the reservoirs for determining inorganic carbon chemistry (Table 1) . Assuming that each foraminifer produces 20 mg CaCO 3 during the experiment, it can be calculated that between moments when the culture media were replaced, the concentration of dissolved inorganic carbon (DIC) of the culture media could not have decreased by more than 1% due to calcification by the 10 incubated specimens. The effect of a 1% decrease in [DIC] is a <0.1% change in pH and [CO 22 3 ] , of which the impact on Na-, Mg-and Sr-incorporation in foraminifera is insignificant (e.g., Van Dijk et al., 2017) .
After termination of the culturing experiment on day 100, the foraminifera were photographed again. Specimens were then rinsed three times with ultrapure water (18.2 MX), once with 5% NaOCl for 15 minutes and again three times with ultrapure water to remove any remaining salts and organic matter at the shell surface. Prior to geochemical analysis, specimens were dried overnight at 458C.
Artificial seawater (ASW) was prepared by mixing salts (KANTO Chemicals Co. Inc., Japan) according to Kester et al. (1967) corresponding to the average chemical composition of seawater. Gravimetric salts and volumetric salts (excluding MgCl 2 *6H 2 O) were dissolved in 2.00 and 1.00 kg, respectively, of ultrapure water before combining with the other salts to avoid precipitation of CaCO 3 , CaSO 4 , SrCO 3 or SrSO 4 . Seawater Mg/ Ca was altered by changing the amount of MgCl 2 *6H 2 O, resulting in ASW with different [Mg 21 ]. The reduction in [Cl -] was compensated by addition of NaCl. Undiluted seawater element composition was determined by ICP-MS (X-series, Thermo Fisher). Analytical precision was 0.4% for Mg/Ca and Na/Ca and 0.5% for Sr/Ca. Seawater Mg/Ca ratios produced were 3.43, 6.40 and 8.55 (6 0.05) mol/mol (Table 1) , of which the middle treatment was slightly higher than intended (which was supposed to be 5.2 mol/mol). Salinities of the culture media were determined using a VWR CO310 salinometer at the beginning and end of the experiments and ranged from 35.0 to 35.3.
Calcite Element Analyses
Element composition of the newly formed calcite (expressed as Na/Ca cc , Mg/Ca cc and Sr/Ca cc ) was determined by Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) at Utrecht University (Reichart et al., 2003) . This system consists of a Lambda Physik Excimer laser system with GeoLas 200Q optics. Ablation was performed in a helium atmosphere at a pulse repetition of 6 Hz, energy density of $ 1 J/cm 2 and a spot diameter of 40 (for E. crispum) or 60 mm (for Quinqueloculina sp.) until the shell wall was completely penetrated, usually lasting 30-50 seconds. Ablated particles were measured using a sector field ICP-MS (Element2, Thermo Fisher). Scanned masses included 23 Na, 24 Mg, 26 Mg, 27 Al, 43 Ca, 44 Ca, 55 Mn and 88 Sr. Calibration and standardization was done using a NIST SRM 610 glass (values from Jochum et al., 2012) that was ablated using a higher laser fluency of $5 J/cm 2 . Using a different energy density between foraminiferal calcite and glass standard has been shown to not affect the analyses (Dueñas-Boh orquez et al., 2009 ). An in-house calcite standard (Raitzsch et al., 2010) and the glass standard NIST SRM 612 were used to correct for drift by applying a linear fit through all analyzed glass standards. Analytical precision (relative standard deviation, or RSD, of measurements on an in-house calcite standard) was 3% for Na, 5% for 24 Mg and 2% for 88 Sr, which are similar to those reported previously using this procedure (Dueñas-Boh orquez, da Rocha, et al., 2011; Dueñas-Boh orquez et al., 2009; Dueñas-Boh orquez, Raitzsch, et al., 2011; Raitzsch et al., 2010) . The obtained time resolved counts were blank subtracted, internally standardized to 43 Ca and calibrated using data reduction software (GLITTER) to obtain depth profiles and calculate the single chamber Na/Ca cc , Mg/Ca cc and Sr/Ca cc .
In total 84 chambers were analyzed, 37 for Quinqueloculina sp., divided over 20 specimens, and 47 for E. crispum, distributed over 36 specimens. Half of the Quinqueloculina specimens were ablated once; the other ten specimens were ablated twice (n 5 6), three times (n 5 3) or four times (n 5 1). Ten specimens of E. crispum were ablated twice, the other 26 were ablated once. In total, 2 measurements for Quinqueloculina sp. were discarded due to short ablation profiles and consequently, elevated element concentrations. The remaining 82 single laser spot measurements used for calculating average element concentrations were relatively evenly dispersed over the 12 experimental conditions (Supplementary Information, Tables 1 and 3 ). We calculated the standard deviation (SD) and relative standard deviation (RSD) per condition. The Geochemistry, Geophysics, Geosystems 10.1002/2017GC007183 partitioning coefficient (D) of an element (E) between seawater and foraminiferal calcite is expressed as D E 5 (E/Ca cc )/(E/Ca sw ).
Results
Chamber Addition
For the porcelaneous species, growth was highest at the seawater with the lowest [Mg 21 ] and decreased with increasing Mg/Ca sw (Table 2) . At lowest Mg/Ca sw , 16 new chambers were produced during 100 days. At intermediate and high Mg/Ca sw , 14 and 7 new chambers were produced, respectively. Temperature did not have a clear impact on chamber addition rates: at 10 8C, 9 new chambers were formed, which was similar to the number of chambers formed at 27 8C (7; Table 2 ). For E. crispum, chamber addition decreased slightly with increasing Mg/Ca sw . During the experiment, 18 new chambers were produced at lowest Mg/Ca sw , whereas at intermediate and high Mg/Ca sw , 16 and 13 new chambers were formed during 100 days of incubation, respectively (Table 2) .
Foraminiferal Mg/Ca
Obtained Mg/Ca cc increased with temperature and Mg/Ca sw in both species (Table 3 ). In Quinqueloculina sp., Mg/Ca cc increased linearly with temperature and was approximately 30 times higher than in E. crispum, for which the Mg/Ca cc increases exponentially with temperature. Combining all Mg/Ca cc from one 
13 (18) 13 (16) 10 (13) 36 (47) Note. Standard deviations in parentheses, n.m. 5 not measured. All single-chamber element/Ca ratios are listed in the supporting information Tables S1 and S2.
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A multiple linear regression analysis for the Mg/Ca cc of Quinqueloculina sp. as a function of both temperature and Mg/Ca sw (Figure 1) shows that the Mg/Ca cc of this species is best described by: The reported uncertainties associated with this multiple regression (equation (1)) represent Standard Errors (SE), which are calculated using the least sum of squares. R 2 value for this regression analysis is 0.82, p < 0.001 (n 5 37). A linear regression model is chosen since this provides the highest correlation coefficient when relating Mg/Ca cc to Mg/Ca sw .
For E. crispum, the multiple regression ( Figure 2 ) results in the equation: 
The reported uncertainties associated with this multiple regression (equation (2)) represent the SE for the three constants of equation (2), which are based on the least sum of squares. R 2 value for this regression analysis is 0.67, p < 0.001 (n 5 47). Contrary to the regression model for Quinqueloculina sp. (Figure 1) , an exponential regression was chosen for the Mg/Ca cc in E. crispum as a function of temperature since this describes the relation between these two parameters best for low-Mg, hyaline species (e.g., Anand et al., 2003; Toyofuku et al., 2011) . The relation between Mg/Ca cc of low-Mg foraminiferal calcite and Mg/Ca sw is assumed to be linear, as this explains the increase in Mg/Ca cc similarly as does a power function in low-and intermediate benthic species (Mewes et al., 2014; Raitzsch et al., 2010) .
Foraminiferal Na/Ca and Sr/Ca
For E. crispum, average Na/Ca cc was 7.3 mmol/mol (61.8 SD) and 5.9 mmol/mol (63.7 SD) for Quinqueloculina sp. For both investigated species, these values did not vary significantly with Mg/Ca sw and were not correlated to temperature (Figure 3 ). Since [Na 1 ] varied between conditions due to the addition of NaCl (Table 1 ; from 57 to 48 mol Na/mol Ca), the foraminiferal sodium content is expressed as the partition coefficient (D Na ), equaling (Na/Ca cc )/(Na/Ca sw ). Geochemistry, Geophysics, Geosystems
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Sr/Ca cc were slightly higher in Quinqueloculina sp., 3.4 mmol/mol (61.6 SD), than in E. crispum, 2.4 mmol/ mol (60.46 SD) and these values did not vary significantly with temperature or Mg/Ca sw for either species (Figure 4 ). This is contrasting with findings of Mewes, Langer, Thoms, et al. (2015) , who reported a linear increase in Sr/Ca cc with increasing Mg/Ca cc . In Quinqueloculina sp., incorporation of Sr was approximately 1.5 times higher than in E. crispum. (Evans et al., 2015) . Temperature did not have a clear impact on the total number of chamber added in our experiment, which may be contrary to Evans et al. (2015) , reporting higher growth rates at higher temperatures. Differences between these experimental results may be caused by species-specific responses to temperature (e.g., Anand et al., 2003; Wit et al., 2012) or to the difference between field-and experimental conditions and the subsequent foraminiferal response to this transition at the start of the experimental incubation. Another difference is the presence of photosynthetic symbionts in Operculina ammonoides (Evans et al., 2015) , whose activity may change with temperature and therefore influence calcification as a function of temperature.
Any differences in chamber addition between conditions did not affect the relation between Mg/Ca cc and their sensitivity to either temperature or seawater Mg/Ca. The variability in Mg/Ca within specimens was only marginally higher than that between specimens that were grown under identical conditions. This is in line with an overall variability in benthic foraminiferal element composition that is not related to ontogeny or differences between specimens (De Nooijer, Hathorne, et al., 2014; Sadekov et al., 2008 Sadekov et al., , 2009 . In this discussion we assume that a similar dependence applies to the genera Quinqueloculina and Elphidium, although this will require future testing. This is particularly necessary for the former species, since porcelaneous species have their own biomineralization pathway (Debenay et al., 1996; De Nooijer et al., 2009; Hemleben et al., 1986 ) and the general difference in Mg/Ca between porcelaneous and hyaline foraminifera (Bentov & Erez, 2006 ) may be the result of differences in the mechanism by which Geochemistry, Geophysics, Geosystems 10.1002/2017GC007183 these groups take up Ca 21 from seawater into the site of calcification (De Nooijer, Spero, et al., 2014; Van Dijk et al., 2017) .
The relation between Mg/Ca cc of low-Mg foraminifera and seawater temperature is generally described by an exponential function (e.g., Anand et al., 2003; Lea et al., 1999; N€ urnberg et al., 1996; Toyofuku et al., 2011; Wit et al., 2012) . The sensitivity (exponential constant) for the calibrations of most of these published calibrations vary between 0.05 and 0.10. The sensitivity for the specimens of E. crispum grown at Mg/Ca sw of 3.4 -8.5 falls within this range (0.073; equation (2)). The relatively high R 2 value for this regression suggests that the linear relation between Mg/Ca cc and Mg/Ca sw in this species is independent of the temperature, although the relatively large scatter in the data indicates that additional experiments will have to constrain the here-presented sensitivities. Partition coefficients (D Mg ) calculated from the calcite Mg/Ca and seawater Mg/Ca, i.e., (Mg/Ca cc )/(Mg/Ca sw ), in E. crispum are between 0.51*10 23 and 1.42*10 23 ( Table 3 ). The partition coefficient (0.74*10 23 ) from our experimental condition closest to published D Mg (T 5 178C and Mg/ Ca sw 56.4; Table 1 ) is slightly higher than those reported for E. williamsoni (0.28-0.46*10 23 ; Allison et al., 2010 Allison et al., , 2011 , but this may be related to species-specific offsets or differences in culturing conditions. The range of partition coefficients found here is similar to those found for other benthic, symbiont-barren intertidal foraminiferal species (e.g., 0.29*10 23 for Ammonia beccarii; Toyofuku et al., 2011; 0.6-1.2*10 23 for Ammonia tepida; De Nooijer, Hathorne, et al., 2014; 0.4-1.5*10 23 for Ammonia aomoriensis; Mewes et al., 2014] .
The Mg/Ca cc in E. crispum may change linearly (rather than exponentially) to changes in temperature over the range studied here. When assuming a linear response in both dependencies (i.e., Mg/Ca cc 5 a*T 1 b 1 c*Mg/ Ca sw ; same as for the reported Quinqueloculina regression; equation (1)), the resulting R 2 values are similar (0.73, p-value <0.05; Table 4 ). The associated standard errors for the linear equation are also similar as those of the exponential regression (equation (2)). Testing the power of different regression models in explaining the observed variability in both the Mg/Ca sw -as temperature dimension (Table 4) , shows that the evident regression models all fit the data relatively well. Assuming an exponential response of Mg/Ca cc in E. crispum results in slightly better fit of the regression model to the data, whereas a linear versus exponential response to changes in temperature result in a similar fit (Table 4 ). The linear response model, however, predicts a significant incorporation of Mg at a Mg/Ca sw of 0, whereas the exponential model predicts an Mg/Ca cc close to 0 at a Mg/Ca sw of 0. This means that either the exponential response (equation (2)) approximates Mgincorporation in E. crispum relatively well over the Mg/Ca sw interval from 0 to 8.5 or that Mg/Ca cc increases linearly for this species over the Mg/Ca sw interval studied here and that it responds differently at lower Mg/Ca sw . Evans et al. (2016) suggested that the combined effects of temperature and seawater Mg/Ca on Mgincorporation in cultured Globigerinoides ruber is best described by: Mg/Ca cc 5 (a*(Mg/Ca sw ) 2 1 b*Mg/ Ca sw 1 c)*10((d*(Mg/Ca sw ) 2 1 e*Mg/Ca sw )*T). Using this regression model to explain our data, the obtained fit (R 2 ) is slightly higher (0.77) than those of the other regression models. However, with the similarity in fits Geochemistry, Geophysics, Geosystems 10.1002/2017GC007183 between the applied regression models, it is unlikely that there is a strong interaction between seawater Mg/ Ca and temperature on Mg/Ca cc of E. crispum, at least not over the ranges studied here.
Partition Coefficients for Mg
Calculated partition coefficients for Mg in Quinqueloculina sp. are in the range of 0.015 and 0.045, increasing significantly with decreasing Mg/Ca sw . These coefficients are similar to those of previously analyzed porcelaneous foraminifera (Maeda et al., 2017; Raja et al., 2005; Sadekov et al., 2014; Toyofuku et al., 2000) . In species in which magnesium is incorporated at high concentrations (>100 mmol/mol Ca), Mg/Ca cc increases linearly with temperature with a sensitivity of 1.6-2.9 mmol/mol Mg/Ca increase for every degree of temperature increase (Maeda et al., 2017; Toyofuku et al., 2000; Toyofuku & Kitazato, 2005; ) . This is slightly higher than the sensitivity obtained here ($1.0 mmol/mol increase in Mg/Ca for every degree of temperature increase; equation (1)), which may be explained by species-specific biomineralization differences or offsets in culturing conditions (i.e., as a result of the combined impacts of differences in irradiance, seawater Mg/ Ca, carbonate chemistry etc.). The difference between studies may also be caused by different methods employed to determine the Mg/Ca. Whereas dissolution of multiple tests involves cleaning of the calcium carbonate (Barker et al., 2003) , our study determined Mg/Ca by laser ablation-ICP-MS. The former may affect the Mg/Ca in case part of the Mg in foraminiferal shell walls is associated to the organic matrix (and thus removed during cleaning), while the latter method commonly focusses on removal of Mg (and other elements) associated to surface contamination.
A number of previous culture studies suggested that both temperature (see above) and Mg/Ca sw (e.g., Maeda et al., 2017; Mewes et al., 2014; Mewes, Langer, Thoms, et al., 2015) have a linear impact on Mg/Ca cc in high-Mg precipitating foraminifera. However, studies by Segev and Erez (2006) and Evans et al. (2015 Evans et al. ( , 2016 suggested that the impact of Mg/Ca sw on Mg-incorporation is not linear. This may be related to the differences in biomineralization strategies and contrasting absolute Mg/Ca between hyaline and porcelaneous species. Secondly, absence (our study) and presence (Evans et al., 2015; Segev & Erez, 2006 ) may also explain (part of) the observed difference in sensitivity of Mg incorporation as a function of temperature and Mg/Ca sw . As for the multiple regression analyses using the Mg/Ca of E. crispum, the fit of the regression model does not improve for Quinqueloculina sp. when forcing an exponential or cubic fit along the Mg/ Ca cc -T axis (Table 4 ). Based on the fit (i.e., least sum of squares) of the applied regression models, the exponential constant for the temperature sensitivity on Mg-incorporation does not contribute considerably in improving the multiple linear regression (equation (1)). For any of the investigated response models (Table  4) , the regression does not pass through Mg/Ca cc 5 0 at Mg/Ca sw 50. This indicates that the regressions reported here are only applicable to the ranges of seawater Mg/Ca studied here: at Mg/Ca sw lower than 3.4, Mg/Ca cc of Quinqueloculina sp. may well decrease exponentially toward 0 (see Mewes, Langer, Thoms, et al., 2015 , for a similar discussion on Mg-incorporation at low Mg/Ca sw in Heterostegina depressa).
Inter-Species Differences in Mg-Incorporation
Across the temperature range studied here, the increase in Mg/Ca cc for every 1 mol/mol increase in Mg/ Ca sw is 0.83 and 2.9 mmol/mol for E. crispum and Quinqueloculina sp., respectively (Figures 1 and 2 ; equations (1) and (2)). These sensitivities are comparable to the relative increase in Mg/Ca cc with changing Mg/ Ca sw in Amphistegina lobifera and A. lessonii (Segev & Erez, 2006) and Heterostegina depressa (Raitzsch et al., 2010) . The difference in absolute Mg/Ca between the two species studied here is likely related to the difference in calcification strategy between these groups (De Nooijer et al., 2009; Hemleben et al., 1986 ) and more specifically, the way these groups concentrate Ca 21 and the co-transport of other ions (Nehrke et al., 2013) .
Partitioning of magnesium during calcification in porcelaneous species is similar to inorganic CaCO 3 precipitation from seawater (resulting in $100 mmol Mg/mol Ca; Mucci & Morse, 1983; Mucci, 1987; Morse et al., 2007) . In addition, partition coefficients for Quinqueloculina sp. increase at lower Mg/Ca sw similarly as they do in inorganically precipitated calcites (Mucci & Morse, 1983) . The actual biomineralization involves vacuolization of seawater and subsequent precipitation of calcite within vesicles without (major) compositional modification (Ter Kuile et al., 1989) . In some porcelaneous species, the Mg/Ca is described to surpass the inorganic partitioning (e.g., Evans et al., 2015) , which challenges the 'inorganic-like' precipitation mode for these foraminifera. Calcite precipitation in porcelaneous species may differ from that in many inorganic precipitation experiments by involvement of an amorphous pre-cursor (e.g., Weiner et al., 2003) and hence a Geochemistry, Geophysics, Geosystems 10.1002/2017GC007183 different element partitioning than in the step-wise crystal growth generally characterizing inorganic calcite precipitation (Davis et al., 2004; De Yoreo et al., 2015) . Coccolithophores also precipitate their calcite within vesicles (e.g., Young & Henriksen, 2003) , but are thought to transport calcium-and carbonate-ions to these vesicles by transmembrane transport (e.g., Brownlee et al., 2015) , resulting in relatively pure calcite. Low-Mg calcite producing (planktonic) foraminifera are hypothesized to produce their calcite by a mixture of these two processes (Nehrke et al., 2013) . This mixture of processes (involvement of seawater and transmembrane Ca-transport) may be responsible for 1) the general intermediate Mg/Ca of many foraminiferal species, 2) the alternation of high-and low-Mg bands in many foraminifera and 3) the differences in the sensitivity of Mg-incorporation as a function of Mg/Ca sw (Figures 1 and 2) .
Sr and Na Incorporation in Hyaline and Porcelaneous Foraminifera
The obtained D Na 's are similar for both species and are not related to temperature, nor to Mg/Ca sw (Figure 4 ). The ratios are in the same range as those reported for cultured specimens of the benthic Ammonia tepida (Wit et al., 2013) , the planktonic G. ruber, G. sacculifer and O. universa cultured at a similar salinity (Allen et al., 2016; Delaney et al., 1985) and G. ruber and G. sacculifer collected from the Red Sea (Mezger et al., 2016) . The relatively high variability in Na/Ca cc (RSD's of 25% for E. crispum and 63% for Quinqueloculina sp.; Figure 3 ) may be caused by cleaning the specimens with NaOCl, even though specimens were thoroughly rinsed with ultrapure water after the organic removal step. Previous studies reported considerable inter-and intra-specimen variability (expressed as relative standard deviation) in Na/Ca cc : 5-11% for A. tepida (Wit et al., 2013) , 8-17% and 4-14% for Red Sea G. ruber and G. sacculifer, respectively (Mezger et al., 2016) and 6% and 7% for cultured G. ruber and G. sacculifer (Allen et al., 2016) . As shown for foraminiferal Mg/Ca and Sr/Ca (e.g., De Nooijer, Hathorne, et al., 2014) , part of the variability in Na/Ca cc may not be attributable to variability in the (culturing) conditions, but may well be caused by (a yet unidentified) process during biomineralization (De Nooijer, Spero, et al., 2014) . For application as a salinity reconstruction tool, this variability needs to be accounted for by determining Na/Ca cc on a sufficient number of specimens (e.g., Sadekov et al., 2008) .
Previously reported Sr/Ca for most foraminiferal species are lower than those reported here, ranging from 1.3 to 1.5 in field collected planktonic species (e.g., Friedrich et al., 2012) and from 0.80 to 1.0 in core-top derived specimens of the benthic Oridorsalis umbonatus (Dawber & Tripati, 2012) . These differences can be explained by the relatively high [Sr 21 ] in our culture media. When expressing the Sr/Ca as partition coefficient (D Sr ), the incorporated Sr is relatively similar across species (Figure 4 ). Similar D Sr were also found in cultured specimens of Elphidium williamsoni (0.13-0.16; Allison et al., 2011) , Ammonia spp. (0.17; Dueñas-Boh orquez, da Rocha, et al., 2011; Diz et al., 2012; De Nooijer, Hathorne,, et al., 2014) (Raja et al., 2005) .
The impact of Mg/Ca sw on incorporation of elements other than Mg in the species studied here is negligible (Figures 3 and 4 ). This means that past changes in Mg/Ca sw do not necessarily affect calibrations for other elements (e.g., Na/Ca cc as a function of salinity; Wit et al., 2013 Seawater temperature has no significant impact on Na-and Sr-incorporation over the ranges studied here, which is in line with previous studies on Sr incorporation in foraminiferal calcite (e.g., Dissard et al., 2010; Russell et al., 2004) . In inorganically grown calcium carbonates, the incorporation of Sr 21 is found to be positively influenced by Mg 21 -incorporation (Mucci and Morse, 1983) , which may help explaining the inter-species differences in Sr/Ca (Van Dijk et al., 2017) .
Paleoceanographic Implications
When using foraminiferal calcite for paleoceanographic reconstructions past $1 Myr ago, deviations in Mg/ Ca sw from current day ratios need to be accounted for. Existing models and paleoreconstructions for past changes in Mg/Ca sw show that in the Miocene, for example, ratios were 3-4 mol/mol (Coggon et al., 2010;  Geochemistry, Geophysics, Geosystems 10.1002/2017GC007183 Farka s et al., 2007; Hardie, 1996; Horita et al., 2002; Stanley & Hardie, 1998) and could have been as low as 1-2 mol/mol in the Paleocene (Berner, 2004; Stanley & Hardie, 1998) . Using fossil foraminiferal Mg/Ca cc for paleotemperature estimates from these periods thus requires application of a correction factor. Using two species with contrasting Mg/Ca cc may provide the opportunity to circumvent the use of a correction factor based on modeled Mg/Ca sw using their respective calibrated correlations to both temperature and Mg/Ca sw (Wit et al., 2017) . It is assumed in this approach, however, that the sensitivities of Mg/Ca cc remain constant over the range of Mg/Ca sw studied. In other words, this would indicate that the partition exponent H (Hasiuk & Lohmann, 2010) is close to 1, producing reasonable reconstructed temperatures and seawater Mg/Ca for the last $10 Ma (Wit et al., 2017) . Our results suggest that this may indeed be the case and that combining Mg/Ca cc of the species studied here could therefore be used to reconstruct past seawater temperature and Mg/Ca sw .
Previous studies have found that culturing foraminifera at much lower Mg/Ca sw (e.g., 1 mol/mol) than that of current day, their growth rates decrease (e.g., Mewes et al., 2014) , although this response may be species-specific (e.g., Segev & Erez, 2006) . This may be due to the adaptation/evolution of the calcification process to current-day seawater Mg/Ca and experimentally-induced stress when placing them in Mg/Ca sw of 1. Conversely, it is known that foraminiferal morphology can changes as a function of seawater chemistry (Thomas, 2003) , which may indicate that shell chemistry may be indirectly responding to changes in seawater chemistry. When using a modeled past seawater Mg/Ca sw to correct for Mg/Ca cc -based seawater temperatures (e.g., when only hyaline foraminifera are available), it has been argued that a power, instead of a linear function should be applied to correct fossil Mg/Ca cc (Evans & M€ uller, 2012; Hasiuk & Lohmann, 2010) .
The reason for this is the non-constant relation between D Mg and Mg/Ca sw previously found (e.g., Delaney et al., 1985; Evans et al., 2015; Raitzsch et al., 2010; Segev & Erez, 2006) . The choice for an exponential, rather than a linear response of Mg/Ca cc to changes in Mg/Ca sw , only marginally increases the fit of the regression models (Table 4 ) to the data presented here for E. crispum and Quinqueloculina sp.
On short timescales (i.e., <1 Ma), salinity and carbonate chemistry are the environmental parameters most likely biasing Mg/Ca-based temperature reconstructions. Although the genera Elphidium and Quinqueloculina are rarely used in paleoceanographic reconstructions, their responses to changes in either Mg/Ca sw or temperature are comparable to previously published calibrations. Therefore, it may be that Mgincorporation in other species show a similar combined response to Mg/Ca sw and temperature as found here (Figures 1 and 2 ; Table 4 ).
Conclusions
Incorporation of Mg in the benthic hyaline foraminifer Elphidium crispum and the porcelaneous Quinqueloculina sp. increases as a function of both temperature and seawater Mg/Ca. The sensitivity of this increase with temperature was not found to change as a function of seawater Mg/Ca in the experiment conducted here. The overall differences in calcite Mg/Ca and the sensitivity of their increase with temperature between the two species results from the difference in biomineralization strategies between hyaline and porcelaneous species, possibly by a difference in the balance between transmembrane ion transport-and seawaterderived Mg 21 . The combined seawater Mg/Ca-temperature calibration suggests that the cumulative impacts of these two parameters on foraminiferal Mg/Ca are similar to the individual impacts of temperature and Mg/Ca sw on Mg-incorporation. These findings may be important for reliable reconstructions of past Mg/Ca sw and temperature when using foraminiferal species with contrasting Mg/Ca.
